In higher plants the pH of the xylem sap plays an important role in drought signaling, growth regulation, and plant nutrition. However, the interpretation of the data is very controversial. The main reason for this is that the xylem pH in intact plants was not directly accessible hitherto. We present here a novel, minimally-invasive probe based on the xylem pressure-potential probe (used for measuring directly xylem pressure and the electrical potential between root xylem sap and medium). Singletipped, double-barreled capillaries were used, one barrel served as H 1 -selective electrode, whereas pressure and electrical potential were recorded by the other one. Upon insertion of the probe into the root xylem of maize (Zea mays) seedlings, pH values ranging between about 4.2 and 4.9 were monitored when the roots were immersed in standard nutrient solution. The pH did not respond to changes in light irradiation (up to 300 mmol m 22 s 21 ), but increased upon exposure of the root to 5 or 20 mM bicarbonate in the bath solution. Changes in pH could also be recorded in transpiring plants when the root was cut below the insertion point of the probe and placed in media with different pH. The data support the hypothesis of Mengel ([1994] Plant Soil 165: 275-283) that upon external supply with bicarbonate Fe is immobilized in the leaf apoplast via changes in xylem pH.
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In higher plants the pH of the xylem sap plays an important role in drought signaling, growth regulation, and plant nutrition. However, the interpretation of the data is very controversial. The main reason for this is that the xylem pH in intact plants was not directly accessible hitherto. We present here a novel, minimally-invasive probe based on the xylem pressure-potential probe (used for measuring directly xylem pressure and the electrical potential between root xylem sap and medium). Singletipped, double-barreled capillaries were used, one barrel served as H 1 -selective electrode, whereas pressure and electrical potential were recorded by the other one. Upon insertion of the probe into the root xylem of maize (Zea mays) seedlings, pH values ranging between about 4.2 and 4.9 were monitored when the roots were immersed in standard nutrient solution. The pH did not respond to changes in light irradiation (up to 300 mmol m 22 s 21 ), but increased upon exposure of the root to 5 or 20 mM bicarbonate in the bath solution. Changes in pH could also be recorded in transpiring plants when the root was cut below the insertion point of the probe and placed in media with different pH. The data support the hypothesis of Mengel ([1994] Plant Soil 165: 275-283) that upon external supply with bicarbonate Fe is immobilized in the leaf apoplast via changes in xylem pH.
Changes in the pH of the xylem sap have been associated with various aspects of plant (stress) physiology. Evidence has been presented for a crucial role of xylem pH in growth regulation (Mizuno and Katou, 1991) , in plant response to waterlogging (Jackson et al., 2003) , and in adjusting plant water relations under conditions of drought stress (Wilkinson and Davies, 1997; Wilkinson, 1999; Zwieniecki et al., 2001 ), e.g. by a mobilization of abscisic acid that regulates stomatal aperture (MacRobbie, 1998) . However, its putative involvement in the so-called lime chlorosis phenomenon, i.e. (local) leaf yellowing that is observed with plants growing on carbonate-rich soils (Mengel, 1994) , appears to stand on less solid ground. Chlorosis is a symptom of cellular Fe deficiency that results from a limited availability of apoplastic Fe in the leaf. It is apparently not necessarily associated with a decrease in Fe uptake by the roots. An elevated bicarbonate concentration of the soil has been identified as a major factor for the induction of lime chlorosis in various crop species including maize (Zea mays; Marschner, 1995; Alhendawi et al., 1997) . In calcareous soils bicarbonate concentrations are usually in the range between 1 and 5 mM, but can readily rise to values of 10 mM and higher, particularly under waterlogging conditions (McCray and Matocha, 1992) . Mengel et al. (1994) hypothesized that bicarbonate-induced chlorosis is caused by transport of bicarbonate into the stele that leads to an alkalinization of the xylem sap and, in turn, of the leaf apoplast. Symptoms of Fe deficiency develop at a high apoplastic pH due to a repression of Fe III reduction, which is a prerequisite for Fe uptake by mesophyll cells. Several authors have tested Mengel's hypothesis by measuring the effect of bicarbonate on xylem sap pH, but no final conclusion was reached. Alhendawi et al. (1997) observed a moderate pH increase from 5.18 to 5.65 when maize roots were exposed to 20 mM bicarbonate, but no significant increase was observed at concentrations of 10 mM or below; these authors concluded that xylem or apoplastic pH changes were of no major importance for lime chlorosis. For sunflower, Mengel et al. (1994) reported an increase in the leaf xylem pH by 0.8 units after perfusion of the leaves with solutions that contained HCO 3 2 , but Römheld (1999, 2002) and Kosegarten et al. (2001) found no effect on the xylem pH for this species when bicarbonate (up to 50 mM) was supplied to the roots. In sugar beet even a slight decrease in xylem sap pH was observed (Lopez-Millan et al., 2000) upon exposure of the roots to low bicarbonate concentrations. These discrepancies cannot be explained by differences in the experimental setup or by variations among species alone, especially since the crop plants used in these studies were highly susceptible to lime chlorosis. Rather, problems may arise from the use of inadequate methods for assessing the xylem sap pH in the intact plant (Yu et al., 2000) . Xylem sap was obtained by using root pressure exudation after decapitation of the shoot (Alhendawi et al., 1997; Rö mheld, 1999, 2002) , or apoplastic fluid was collected by employing centrifugation methods (Nikolic and Rö mheld, 1999; Lopez-Millan et al., 2000) . Rowan et al. (2000) have recently demonstrated that root pressure exudate does not exclusively originate from the xylem sap. Moreover, ion and water relations of decapitated plants are hardly comparable with the situation in the intact transpiring organism (for a detailed discussion, see Schurr, 1998) . Collection of apoplastic fluid by centrifugation is also susceptible to artefacts (Sattelmacher, 2001) . Mengel et al. (1994) employed a method for in situ recording of pH in the leaf apoplast using fluorescein isothiocyanate (FITC) dextran, but the composition of the apoplastic fluid may have been altered when the dye was loaded by infiltration of the leaf. Hence, it still remains unclear whether this method properly reflects leaf apoplastic pH in the intact plant. In the future, progress may come from transgenic ''self-reporting'' Arabidopsis plants that express pH indicators in the apoplast (Gao et al., 2004) .
In this study, the effect of externally applied bicarbonate on xylem sap pH in the root was investigated using a novel, minimally-invasive technique that allows for continuous, in situ recording of the xylem pH on intact plants. A pH-selective xylem probe was designed in analogy to the multifunctional xylem K 1 probe . Double-barreled microcapillaries pulled to form a single tip were inserted into the root xylem of maize seedlings with one barrel serving as a pH-selective electrode (e.g. Felle and Bertl, 1986; Walker et al., 1995) , whereas the other barrel was connected to a xylem pressure-potential probe for simultaneous recording of xylem pressure and of the electrical potential in the xylem with respect to an ambient reference electrode (termed trans-root potential [TRP] ). The xylem pressure-potential probe is an extension of the xylem pressure probe first introduced by Balling and Zimmermann (1990; see Zimmermann et al., 2004 , for a recent review on xylem probes). Proper insertion of the probe tip into a vessel could be inferred from pressure recording, since the xylem is the only compartment in which negative pressures (i.e. pressures below vacuum, corresponding to tensions exceeding 0.1 MPa) exist (Zimmermann et al., 2004) . First, the reliability of the new probe (in the following termed xylem pH probe) was tested by performing measurements at a varying light regime and by exposure of cut roots to varying external pH values. After the new technique had passed these tests successfully, the effect of external application of bicarbonate on root xylem sap pH, TRP, and xylem pressure was investigated.
RESULTS

Calibration of the Xylem pH Probe
A schematic representation of the probe is shown in Figure 1 (see also ''Materials and Methods'' for a detailed description). The integrated pH electrode was always calibrated before the tip of the probe was inserted into the root tissue and again after withdrawal at the end of the experiment. To this end, the probe tip was successively exposed to a series of calibration media adjusted to pH values ranging from 4.0 to 7.0, and the electrical potential drop across the H 1 -selective matrix was recorded with respect to a reference electrode. A typical trace showing the H 1 electrode potential during the calibration procedure is depicted in Figure 2A . During medium exchange the electrode tip was briefly exposed to air, leading to an interruption of the electrical circuit and an immediate clipping of the voltage signal (arrows). A calibration curve was generated by plotting steady-state electrical potentials against the corresponding pH values of the calibration media (Fig. 2B) . A linear relationship was observed between electrode potential and pH in the range tested here with a slope of 253 mV/pH unit. It is important to note that good agreement was found between potentials recorded before insertion of the electrode into root tissue and after subsequent withdrawal (black and white symbols, respectively). Generally, an electrode was discarded when the results of pre-and recalibration deviated significantly. In this case, the data of the particular experiment were not included in the analysis. Before use in physiological studies, the selectivity of pH electrodes had been tested by recording the H 1 electrode potential after addition of various salts to the calibration medium that could possibly interfere with the pH measurement in the xylem (Schurr and Schulze, 1995) . At a pH of 7.0, the pH electrode was insensitive to Na-bicarbonate at a concentration of 20 mM, which is an important prerequisite for its use in this study. Within limits of Figure 1 . Schematic representation of the pH-sensing xylem pressurepotential probe (briefly termed xylem pH probe). Under the 'magnification glass' the tip of the double-barreled microcapillary (dbMc) inside a xylem vessel (X) is shown (HSM, H 1 -selective membrane). Pt, pressure transducer; Mr, metal rod; Ms, micrometer screw; El 1 , Ag/AgCl electrode inside the perspex chamber for recording of TRP; El 2 , Ag/AgCl electrode contacting the H accuracy, the electrode potential remained also unaffected by the addition of the Cl 2 salts of K 1 (0.1-7 mM), Mg 21 (0.05-2 mM), and Na 1 (0.1-1 mM) at this pH. It has been shown previously that the K 1 concentration in the xylem sap of maize seedlings is in the range tested here. This is also likely to be true for Mg 21 (Schurr and Schulze, 1995) ; xylem concentrations of Na 1 , which was not included in the bath medium in these experiments, should have been very low. There was a slight interference of Ca 21 with the pH electrode. However, Ca 21 only had a minor effect on the H 1 electrode potential at concentrations around 1 mM or lower that are expected for xylem sap of maize roots under the experimental conditions established here (Engels, 1999) . When the CaCl 2 concentration in the calibration medium was elevated from 0.05 to 1 mM at pH 7.0, the potential increased by 3.3 6 2.3 mV (mean value 6 SD, n 5 4). Possible interactions of amino acids in the xylem sap with pH recording was tested by adding a diluted amino acid cocktail (1:100 MEM solution, PAA Laboratories, Linz, Austria) to the bath; this had no effect on the potential registered by the pH electrode.
Xylem Sap pH Remains Unaffected by the Light Regime When the Root Is Immersed in Standard Medium
The feasibility of the new probe technique for simultaneous recording of xylem sap pH, TRP, and xylem pressure was tested on seminal roots of maize seedlings. In the first set of experiments, the response of these parameters to a varying light regime was tested. A typical experiment is shown in Figure 3 . The probe was inserted at the root base 1.3 cm away from the caryopsis at laboratory light (10 mmol m 22 s 21 ). Upon puncturing of a vessel, the pressure dropped within seconds to a subatmospheric value as observed previously (Balling and Zimmermann, 1990; Schneider et al., 1997a Schneider et al., , 1997b Zimmermann, 1998, 2002) . In this experiment the xylem pressure was 0.073 MPa in absolute values (i.e. relative to vacuum). The TRP (or, rather, the electrical potential sensed by the pressure/potential sensitive barrel) transiently dropped to values ,220 mV during penetration of the Figure 2 . Calibration of the H 1 -selective electrode. The probe tip was sequentially dipped into calibration media consisting of 1 mM KCl and 10 mM MES that had been adjusted to various pH values with BTP. A typical recording of the H 1 electrode potential during calibration is shown in A. The sequence of bath pH values is indicated at the top of the figure. Discontinuity of the trace is due to a brief exposure of the electrode tip to air during bath exchange (arrows). H 1 electrode potentials obtained from the experiment shown in A were plotted as a function of the pH of the calibration media in the bath in B (black symbols). After insertion into a maize root and subsequent withdrawal at the end of the experiment the electrode was recalibrated using the same pH protocol (white symbols). Figure 3 . Effect of light regime on root xylem pH (pH xylem ), TRP, and xylem pressure (P x ) of a maize seedling. At t 5 0 (asterisks), the xylem pH probe was inserted into the root 28.6 cm away from the tip (total root length 29.9 cm) at a low photon density (10 mmol m 22 s
21
). Subsequently, light irradiation was temporarily increased to 300 mmol m 22 s 21 for about 33 min (arrows). Note that the xylem sap pH hardly responded to the changes in illumination. Temperature, 25°C; relative humidity, 49%. cortex and returned to a less negative value upon placement of the tip in a xylem vessel. Subsequently, the TRP relaxed further to more positive values until a stable value of 16 mV was attained after about 25 min. The pH signal peaked at about 7.0 when the tip traversed the root tissue. Upon puncturing of a vessel it returned to a final value of about 4.5. An increase of the photon density to 300 mmol m 22 s 21 roughly 30 min after the impalement of the root induced a drop in xylem pressure below vacuum. Pressure decrease started with a delay of about 3 min upon illumination; a new steady state of 20.022 MPa was established after the pressure had passed through a minimum (20.044 MPa). The TRP responded by a depolarization to 118 mV. In the experiment of Figure 3 , xylem pressure decrease, but not depolarization, could be reversed when light irradiation was reduced again 33 min later. In other experiments both parameters returned to the original value after an intermittent increase in photon density . Interestingly, the xylem pH remained more or less unaltered by the increase in light irradiation as well as by the return to the low light regime. On average, H 1 concentrations of (4.15 6 3.25)*10 25 M (mean value 6 SD; n 5 25) and (2.86 6 2.04)*10 25 M (n 5 5), respectively, were recorded at the low light regime and upon short-term exposure to higher photon density. The corresponding mean pH values were 4.38 and 4.54. A slightly lower value of (1.40 6 0.93)*10 25 M (n 5 4; mean pH 4.85) was obtained on roots impaled after long-term illumination (.120 min; data not shown), but the difference was not significant (Student's t test).
Xylem pH Recordings on Perfused Xylem Vessels
The xylem pressure and TRP changes observed upon light irradiation were comparable to those observed previously with the unmodified xylem pressurepotential probe, suggesting proper functioning of the xylem pH probe. This conclusion was further supported by measurements in which the root xylem was perfused with artificial media adjusted to various pH values for in situ calibration of the probe. To this end, the probe was inserted into a root xylem vessel at a photon density of 300 mmol m 22 s 21 . When stable values for xylem pH, xylem pressure, and TRP were recorded, the root was cut 0.5 to 1 cm below the site of impalement (i.e. in upstream direction). Via the cut surface of the root stump that remained attached to the transpiring shoot, bath solution was sucked into the open xylem vessels, including the one that had been punctured by the probe. Recordings obtained during one out of three experiments of this type are depicted in Figure 4A . Xylem pressure was about 20.07 MPa in the intact root. Upon cutting, it rapidly relaxed to atmosphere (half time 6.2 s). As expected, upon xylem perfusion with the bath solution (pH 5.5) the pH increased from 4.8 to 5.4. When the bath pH was then elevated to 6.0, the pH registered by the probe promptly rose to 6.1 and subsequently relaxed to 5.8.
Acidification of the bath to 4.5 and subsequent increase to 5.0 were also reflected by the probe recordings (final values 4.6 and 4.9, respectively), but with some delay. For clarity, the TRP is not shown in Figure  4A . A plot of the steady-state pH values registered by the probe versus the pH of the perfusate (Fig. 4B ) Figure 4 . In situ calibration of the xylem pH probe. In A, profiles of root xylem pressure and pH are shown before and after cutting the root (horizontal arrow) 25.1 cm away from the tip, i.e. just below the site of impalement at 25.6 cm (total root length, 27.4 cm), and subsequently while varying the pH of the bath (standard medium, pH adjusted with BTP) as indicated in the figure. Upon cutting, pressure in the punctured vessel rapidly rose to atmospheric. Bath solution was immediately sucked into the open vessels at the cut end. This was due to ongoing transpiration stimulated by a photon density of 300 mmol m 22 s 21 . The xylem pH as registered by the probe rapidly increased to 5.4 in the cut root, close to the value that was established in the bath (5.5). Subsequent changes in bath pH were similarly reflected by probe reading. At t 5 178 min, the probe was withdrawn from the root tissue (downwardly directed arrows). Temperature, 25.7°C; relative humidity, 21%. In B, steady-state values measured with the xylem pH probe after cutting are plotted as a function of the pH of the xylem perfusate, corresponding to the bath pH, for this and two other experiments (different symbols). The straight line indicates the expected 1:1 relation. Good agreement of the data confirms that the probe is reliably measuring xylem sap pH.
Wegner and Zimmermann for this and two other experiments showed good agreement between the data. The outcome was not affected by the sequence of the imposed pH changes. Slight deviations of the measured pH values from those adjusted in the perfusate may be due to the activity of proton pumps in stelar cells (De Boer and Prins, 1985) or may result from gradients between local pH values at the surface of the xylem wall and the bulk pH (compare Felle, 1998) . From the data presented so far it can be concluded that the new pH probe is a reliable tool for measuring root xylem pH, TRP, and xylem pressure. This was a prerequisite for using the probe to investigate bicarbonate effects on these parameters.
Supplying Maize Roots with Bicarbonate Leads to an Alkalinization of the Xylem Sap
The effect of bicarbonate on xylem sap pH, TRP, and xylem pressure in seminal roots of maize seedlings was studied by monitoring these parameters with a xylem pH probe prior to and after the addition of 20 or 5 mM NaHCO 3 , respectively, to the bath. Direct effects of bicarbonate could be separated from indirect effects related to changes in osmotic pressure and bath pH by performing the experiment in two steps. At the beginning, the probed root was immersed in standard bath medium; then the ambient pH was raised to 8.0 by addition of NaOH and the final osmotic pressure was adjusted with mannitol 1 ; subsequently, bicarbonate was supplied isoosmotically at a constant pH. It should be noted that changes in the concentrations of mannitol and Na 1 did not affect xylem sap pH. This was verfied by a separate experiment with the xylem pH probe in which mannitol was replaced isoosmotically by NaCl (data not shown). A bath pH of 8.0 was selected to prevent removal of HCO 3 2 from the solution by formation of CO 2 (or by precipitation of CaCO 3 ). It should be noted that this pH is not uncommon for calcareous soils where lime chlorosis usually occurs. Typical experiments demonstrating the effect of 20 and 5 mM NaHCO 3 at an ambient pH of 8.0 are depicted in Figure 5 , A and B, respectively. In Figure 5A , the osmolality was increased from 26 mosmol kg 21 in standard medium to 71 mosmol kg 21 at t 5 52 min, evoking a xylem pressure decrease by 0.019 MPa (from 0.069-0.050 MPa) and a transient hyperpolarization of the xylem by 210 mV from a steady-state TRP of 213 mV in standard medium. Together with the osmotic pressure increase, the pH in the bath was elevated from 5.5 to 8.0. This led to an increase in xylem sap pH by more than 1 unit (from 4.0 to 5.23). The concomitant change in the osmotic pressure of the bath did not affect xylem sap pH; this was tested in separate experiments (data not shown). Subsequent isoosmotic addition of 20 mM NaHCO 3 at a constant ambient pH (8.0) resulted in a further xylem pH increase by 1.48 units to a final value of 6.71; alkalinization started after a short lag time of about 3 min. Bicarbonate also induced a rapid hyperpolarization of the TRP by 226 mV that was partly reversed later on. The xylem pressure was hardly affected; it decreased slightly from 0.050 to 0.038 MPa during the presence of NaHCO 3 in the bath. At t 5 182 min, photon density was increased from about 10 to 300 mmol m 22 s 21 in order to test the response of xylem pressure to an increase in light irradiation. Pressure dropped to values below vacuum after a lag time of 3 min, indicating propper insertion of the probe in a xylem vessel. The experiment was terminated by withdrawing the probe. Prior to the response of the xylem pressure, the TRP went more negative by 211 mV. Interestingly, the xylem pH decreased in the presence of bicarbonate when the plant was exposed to a higher photon density. Qualitatively similar results were obtained when a root was supplied with 5 mM NaHCO 3 ( Fig. 5B ; only the response to bicarbonate is shown), but the change in xylem sap pH was less pronounced (here by 0.50 units, i.e. from 5.52-6.02). Again, the pH responded after a lag time of almost 5 min. Interestingly, 5 mM bicarbonate induced only a small, transient hyperpolarization of the TRP (by 26 mV). In this experiment, xylem pressure had already dropped below vacuum at the low photon density (10 mmol m 22 s
21
) indicating that the measurement was technically sound and additional testing of the pressure response to light was not required. Differences in xylem pressure like those occurring between the experiments shown in Figure 5 , A and B reflect the usual range of variability (Schneider et al., 1997a (Schneider et al., , 1997b Zimmermann, 1998, 2002) .
The effect of bicarbonate on xylem sap pH (or H 1 activity) and on the TRP is summarized in Figure 5 , C and D, respectively. Alkalinization of the xylem ranged from 0.50 to 0.63 pH units upon addition of 5 mM bicarbonate (n 5 3; mean pH difference, 0.59 units) and from 0.88 to 1.54 units upon addition of 20 mM bicarbonate (n 5 5; mean pH difference, 1.07 units). Five minutes after bicarbonate addition TRP had changed on average by 25 mV (5 mM NaHCO 3 ) and by 215 mV (20 mM), respectively. Interestingly, in some experiments (as the one shown in Fig. 5A ) an alkalinization of the bath (from 5.5-8.0) upon NaOH addition induced an increase in the xylem pH by more than 1 unit. However, the response was quite variable. In one experiment the xylem pH was not affected at all and in three other experiments alkalinization was less pronounced (less than 0.5 units). These discrepancies can be explained with individual differences in lateral root formation among the seminal roots of the maize seedlings that had been selected for these experiments. At the lateral root primordia the endodermis is discontinuous, thus leakage of solutes into and out of the stele can occur at these sites via an apoplastic pathway (Steudle et al., 1993) .
DISCUSSION
The xylem pH probe presented in this communication is a new tool to assess the multiple roles of xylem sap pH in plant (stress) physiology. In contrast to conventional techniques used to measure this parameter, the minimally invasive probe allows for continuous in situ monitoring of xylem pH (together with the TRP and xylem pressure) on intact, transpiring plants. In this study we have provided strong evidence (Figs. 2-4) that the xylem pH probe reflects the correct values for xylem pH as well as for the TRP and xylem pressure in the intact plant. Pressure and electrical data were in agreement with previous reports on young maize seedlings (Schneider et al., 1997a (Schneider et al., , 1997b Zimmermann, 1998, 2002; Zimmermann Figure 5 . Addition of bicarbonate to the bath affects xylem sap pH (or xylem H 1 concentration, respectively) and TRP in roots of maize seedlings, but has little impact on xylem pressure. In A, an example of the response of these parameters to 20 mM NaHCO 3 is documented. About 50 min after root impalement in standard medium (t 5 0, asterisks) and at laboratory light (10 mmol m 22 s 21 ), bath pH was elevated from 5.5 to 8.0 with NaOH; simultaneously, the osmolality of the bath was increased from 26 to 71 mosmol kg 21 by adding mannitol. This led to a decrease in xylem pressure (P x ), a transient hyperpolarization of the TRP, and an increase in xylem sap pH (pH xylem ). About 50 min later this medium was replaced by a standard solution to which 20 mM Nabicarbonate had been added; bath pH and osmolality were kept constant. Addition of bicarbonate resulted in a persistent hyperpolarization and a further pH increase; pressure was hardly affected. At t 5 180 min, light irradiation was changed to 300 mmol m 22 s 21 (downwardly directed arrows); as a consequence, pressure rapidly dropped below vacuum until the experiment was terminated by withdrawing the probe (horizontal arrow). In B, part of an experiment on a maize seedling is shown that was treated with 5 mM bicarbonate. The procedure was as described for A, but the final osmolality was 46 mosmol kg 21 ; only the effect of bicarbonate addition is depicted. Note that the pH increased upon addition of bicarbonate, but less than in A, and that the hyperpolarization was only transient. Temperature was 22.5°C (A) and 24.8°C (B) and relative humidity 22% (A) and 17% (B). Roots were impaled 33.7 and 33.1 cm above the tip, respectively (total root length 35.1 and 35.8 cm). Bicarbonateinduced decrease in xylem H 1 concentration (corresponding to a pH increase) and hyperpolarization of the TRP 5 min after bicarbonate addition are summarized in C and D, respectively. Mean values 6 SD are plotted for responses to 5 mM (n 5 3) and 20 mM bicarbonate (n 5 5). al., 2002, 2004) , and pH measurements could be verified with an in situ calibration procedure (Fig. 4) , demonstrating proper functioning of the probe. Xylem pH changes imposed in these experiments by vessel perfusion were comparable to those occurring in the intact plant or even exceeded them. Mean pH values measured in roots of intact maize seedlings ranged between about 4.38 at low light irradiation and 4.85 after long-term exposure to a photon density of 300 mmol m 22 s
21
. Both data sets were not significantly different, but further testing with stronger light sources is required to assess effects of prolonged illumination on xylem pH. However, at both levels of irradiation applied in this study mean pH values differed significantly from those usually measured both in the cytoplasm and the vacuole of root cells (Walker et al., 1995) . This finding adds to the bulk of evidence indicating that xylem probes are properly inserted into the lumen of fully differentiated xylem vessels Zimmermann et al., 2004) . In view of the low pH values measured with the xylem pH probe, it is also very unlikely that the xylem sap in the punctured vessel is contaminated by permanent leakage of cell contents, which are expected to be more alkaline. This is also supported by the apparent lack of sensitivity of the xylem pH to a varying light regime in the range tested in this study. Substances leaking into the punctured vessel would have a strong impact on local xylem pH at low light irradiation (corresponding to a low flow rate; Kuchenbrod et al., 1996) , but would be diluted and rapidly swept away at the higher photon density when the flow rate increased. This would be reflected by a change in xylem pH as measured with the probe. However, the pH remained invariant to short-term changes in light intensity, indicating that few-if any-buffering compounds were released at the site of impalement.
The pH values obtained with the probe are also somewhat lower than those measured in xylem sap collected from severed maize roots under similar experimental conditions, probably due to the use of gross, massive invasive techniques in those studies. Davis and Higinbotham (1969) registered pH values between 5.5 and 5.7 in root pressure exudate. Miller (1985) , who used the root pressure bomb technique, reported a pH of 5.01 for maize roots.
Previous failure to demonstrate the effect of bicarbonate on xylem sap pH (except for Mengel et al., 1994; see introduction) is also likely to be due to the use of inadequate methods in those studies. In the light of the data presented in this communication it can definitely be excluded that the bicarbonate-induced pH increase observed in individual xylem vessels is an experimental artifact. Xylem alkalinization was also not restricted to a high ambient pH of 8.0 that was chosen here to prevent CO 2 formation. A pH increase upon addition of 20 mM bicarbonate to the medium was also observed when the ambient pH remained at 5.5 throughout the experiment (using freshly prepared bicarbonate solution; data not shown). However, these experiments were not pursued since the effective bicarbonate concentration was not well defined under these conditions.
Our data indicate that bicarbonate is transported radially into the root stele, in agreement with Mengel's hypothesis (Mengel, 1994) , but at variance with speculations by other authors (Alhendawi et al., 1997; Rö mheld, 1999, 2002; Kosegarten et al., 2001) . Xylem concentration of bicarbonate (as reflected by xylem alkalinity) depended both on the ambient concentration (Fig. 5C ) and on volume flow. Upon a light-induced increase in volume flow, xylem alkalinization was partly reversed (Fig. 5A) , probably due to a dilution of the xylem sap with respect to bicarbonate. However, radial transport of bicarbonate into the stele is likely to continue at the same, or even at a higher rate. It is undisputed that bicarbonate is taken up by root cortex cells and incorporated into malate, a reaction that is catalyzed by PEP carboxylase (Chang and Roberts, 1992) . Surprisingly little is known about the mechanism of HCO 3 2 uptake into root cortex cells of higher plants, whereas detailed information is available for green algae, cyanobacteria, and animal cells (see Romero et al., 1997) . As shown in this study, bicarbonate addition to maize roots is always associated with a hyperpolarization of the TRP. A rapid response of the TRP most likely reflects a change in the membrane potential of cortex cells, as demonstrated previously for roots supplied with nitrate and ammonium (Wegner et al., 1999) . Thus, a hyperpolarization would be in agreement with an electrogenic mechanism of bicarbonate uptake into root cortex cells. Xylem loading may occur via anion channels that have been characterized with the patch clamp technique in protoplasts from barley xylem parenchyma cells (Wegner and Raschke, 1994; Köhler and Raschke, 2000; Kö hler et al., 2002) or via a boron transporter recently cloned in Arabidopsis (Takano et al., 2002) that is expressed in the pericycle of the root stele and is highly homologous to mammalian bicarbonate transporters (Frommer and von Wiren, 2002) . In addition to this putative symplastic pathway, there may also be an apoplastic route for bicarbonate uptake into the stele as indicated by the rapid response of xylem sap pH upon bicarbonate supply to the root (within 5 min).
CONCLUSION
In summary, the novel pH probe introduced in this communication paves the way to analyze the physiological processes that induce lime chlorosis in various crop species growing on calcareous soils, as well as other aspects of plant nutrition that involve changes in xylem sap pH. The data presented here lend strong support to Mengel's hypothesis (Mengel, 1994) that bicarbonate is transported radially into the root stele and subsequently into the leaves leading to an increase in apoplastic pH; additional alkalinization may come Savchenko et al. (2000) . It is generally accepted that an alkalinization of the leaf apoplast would inhibit reduction of Fe III to Fe II and thus hamper Fe uptake by the cells Rö mheld, 1999, 2002) ; it may also be relevant for Zn nutrition (Pearce et al., 1999) . Rigorous testing of these hypotheses requires further experimentation with the xylem pH probe on leaves, e.g. comparing xylem pH at green and chlorotic sites.
MATERIALS AND METHODS
Plant Material
Maize seedlings (Zea mays L. cv Bangui) were cultured on hydroponics as described previously (Wegner and Zimmermann, 1998) . Experiments were performed on 12-to 26-d-old plants.
The Xylem pH Probe
The pH-sensing xylem pressure-potential probe, briefly termed xylem pH probe in this communication, is sketched in Figure 1 . It was designed by analogy to the xylem K 1 probe published previously . Both probes are based on the same measuring principle: a xylem vessel is impaled with a double-barreled, single-tipped microcapillary. One barrel is connected to a xylem pressure-potential probe (Wegner and Zimmermann, 1998; that allows for simultaneous recording of the electrical potential in the xylem with respect to an external electrode (e.g. the TRP) and xylem pressure. Recordings of negative pressure values were taken as the main criterion for proper placement of the probe tip in a vessel as well as for the absence of air bubbles in the probe (Zimmermann et al., 2004) . The other barrel serves as an ion-selective electrode; the tip is filled with a pressure-tight matrix that contains a highly ion selective ionophore dissolved in a polar, hydrophobic solvent (Ammann, 1986) . From the electrical potential recorded by the ion-selective electrode the concentration (or, more precisely, the activity) of the particular ion can be calculated, provided that the electrode has been calibrated before. For recording of xylem pH double-barreled microcapillaries were fabricated as described elsewhere . The ionselective barrel was back-filled with a H 1 -selective cocktail that was composed as follows (in % w): 12 4-nonadecylpyridine (H-Ionophore II, Fluka, Munich); 6 K-tetrakis-(4-chlorophenyl)borat; 27 Vinnolit S1565; 5 Nitrocel S; 50 2-nitrophenyloctylether. Chemicals were obtained from Fluka except for Vinnolit, a PVC derivative that was donated by Vinnolit Kunststoff, Burghausen, Germany. This solution was mixed with 4 volumes of tetrahydrofuran (Bakker, Deventer, The Netherlands) before backfilling of the pH-selective barrel. After storing the capillaries for 3 to 4 d at room temperature the tetrahydrofuran had evaporated and the matrix was sufficiently stable to sustain pressure gradients usually experienced in xylem measurements. Before use the tip had to be broken back to a final diameter of about 7 mm . The shank of the pH-sensing barrel was filled with a solution containing 50 mM KCl and 10 mM MES/1,3-Bis(tris(hydroxymethyl)-methylamino) propane (BTP) adjusted to a pH of 5.5. The other barrel, which was attached to the probe chamber, and the chamber itself contained ultra-filtered (pore size, 0.2 mm; Renner, Darmstadt, Germany) and degassed 50 mM KCl solution.
The xylem pressure-potential probe used here has been described in detail elsewhere see Fig. 1 ). Briefly, it consisted of a perspex chamber with four ports. At one port the pressure-potential sensing barrel was attached by means of a tight rubber seal. The high-resolution pressure transducer (KPY-16, Siemens, Munich) was mounted at another port. Two further ports received an Ag/AgCl electrode and a movable metal rod required for applying pressure (volume) pulses, respectively. The pressure transducer was galvanically isolated from the probe interior containing the electrode by a flexible membrane that did not interfere with pressure recording.
The ready-to-use probe was mounted on a micromanipulator, and an Ag/ AgCl electrode was introduced into the ion-selective barrel. Electrical potentials were measured with a high-impedance electrometer (FD 223, WPI, Sarasota, FL).
Recording of Xylem Sap pH, TRP, and Xylem Pressure on Seminal Maize Roots
Seminal roots of intact seedlings were fixed on a perspex holder and immersed in standard bath medium composed as follows (in mM): 1 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 MES adjusted to pH 5.5 with BTP. The osmolality was cryoscopically determined to be 26 mosmol kg 21 (Osmomat 030-M, Gonotech
GmbH, Berlin). Before the xylem pH probe was inserted into the root (usually at the root base 1-5 cm away from the caryopsis) the integrated pH electrode was calibrated with media containing 0.1 or 1 mM KCl and 10 mM MES; the pH had been adjusted to values ranging from 4.0 to 7.0 with BTP using a glass electrode (E512, Metrohm, Herisau, Switzerland). The values were checked with a digital pH meter (KS723, Shindengen, Hong Kong, China), that had been calibrated independently. The impalement procedure that required some precautions has been described in detail elsewhere (Balling and Zimmermann, 1990; Zimmermann, 1998, 2002; Zimmermann et al., 2004) . The pH electrode was recalibrated after each measurement in order to assure that the properties of the probe had not changed during the course of the experiment.
